Abstract: UHTC composites were prepared by self-propagating high-temperature synthesis (SHS) from the Ti-B 4 C reaction system with addition of Cr, Mo, and W. The starting sample composition was formulated as (3−x)Ti + B 4 C + xMe with x = 0.1-1.0 and Me = Cr, Mo, or W. For all samples conducted in this study, self-sustaining combustion was well established and propagated with a distinct reaction front. With no addition of Cr, Mo, or W, solid state combustion of the 3Ti + B 4 C sample featuring a combustion front temperature (T c ) of 1766 • C and a combustion wave velocity (V f ) of 16.5 mm/s was highly exothermic and produced an in situ composite of 2TiB 2 + TiC. When Cr, Mo, or W was adopted to replace a portion of Ti, the reaction exothermicity was lowered, and hence, a significant decrease in T c (from 1720 to 1390 • C) and V f (from 16.1 to 3.9 mm/s) was observed. With addition of Cr, Mo, and W, the final products were CrB-, MoB-, and WB-added TiB 2 -TiC composites. The absence of CrB 2 , MoB 2 , and WB 2 was attributed partly to the loss of boron from thermal decomposition of B 4 C and partly to lack of sufficient reaction time inherent to the SHS process.
Introduction
Several borides and carbides of transition metals of the groups IVb and Vb are considered as ultra-high temperature ceramics (UHTCs) based on their melting temperatures in excess of 3000 • C and other properties, such as high hardness, high flexural strength, high thermal conductivity, and excellent resistance to thermal shock and corrosion [1] [2] [3] . UHTC composites-for example TiB 2 -TiC, ZrB 2 -SiC, ZrB 2 -TaB 2 , and NbB 2 -SiC-have been of great importance for extreme environment applications requiring high thermal-shock resistance and durability against a rapid temperature change [4] [5] [6] [7] . In addition, borides of chromium and tungsten have been recognized as effective reinforcements for UHTCs to improve densification, mechanical properties, and oxidation resistance [8, 9] .
Hot pressing (HP) and spark plasma sintering (SPS) are two most commonly-used fabrication routes to prepare UHTCs and composites on their basis [2] [3] [4] [5] [6] [7] [8] . Combustion synthesis in the mode of self-propagating high-temperature synthesis (SHS) has been a promising alternative, which takes advantage of highly exothermic reactions, and hence, has merits of low energy requirement, short processing time, simplicity, and high-purity products [10] [11] [12] . A number of borides and carbides of transition metals (mostly the groups IVb and Vb) have been produced by the SHS process from the elemental powder compacts of their corresponding stoichiometries [13] [14] [15] [16] [17] . Due to the low reaction enthalpy, however, solid state combustion between the transition metals of the group-VIb (Cr, Mo, and W) and boron or carbon is not feasible [12] .
Of particular interest for this study is the TiB 2 -TiC composite, because not only is it an outstanding UHTC [18, 19] , but it can also be produced through the SHS scheme with Ti and B 4 C as the precursors [20] [21] [22] [23] [24] [25] . The SHS process allows in situ synthesis of multi-phase materials, as in the case of TiB 2 -TiC composites. The direct reaction of Ti with B 4 C at stoichiometry of Ti:B 4 C = 3:1 was sufficiently exothermic (∆H = −686 kJ/mol) to be self-sustaining and produced an in situ composite with TiB 2 :TiC = 2:1 [20] . The exothermic mixture of 3Ti + B 4 C has also been employed to fabricate TiB 2 /TiC-based cermets with different metal binders such as Al, Cu, and Ni [21] [22] [23] . By combining a thermite reagent of CrO 3 + 2Al into the 3Ti + B 4 C reaction system, Huang et al. [24] obtained TiB 2 -TiC composites through combustion synthesis under an ultra-high gravity field which improved microstructure refinement, relative density, fracture toughness, and bending strength of the final products. Combustion synthesis of the TiC-rich composites with TiB 2 :TiC = 1:2 and 1:4 was carried out in the Ti-B 4 C-C reaction system [20, 25] . Deorsola et al. [25] adopted carbon nanotubes in partial substitution for graphite in the sample of 6Ti + B 4 C + 3C to facilitate the formation of nanostructured TiB 2 -TiC composite powders.
The SHS method allows the formation of a variety of powders (including TiB 2 , TiC, ZrB 2 , ZrC, Cr 3 C 2 , TiN, NiAl, TiAl, FeAl, and MoSi 2 ) in size ranges and with an external morphology suitable as feedstock materials for different thermal spraying techniques [26] . Different kinds of plasma spraying (PS) methods [27, 28] , as well as detonation spraying (DS), flame spraying (FS), and high-velocity oxygen-fuel spraying (HVOF) are in common use for depositing protective coatings from SHS powders [26, 29, 30] .
This study made the first attempt to explore in situ UHTC composites formed from the Ti-B 4 C combustion system with addition of Cr, Mo, and W. As mentioned above, borides of the group-VIb metals were effective reinforcements for UHTCs, but they failed to be produced by the SHS method. Therefore, this study aimed to achieve simultaneous formation of borides of the group-VIb metals along with TiB 2 and TiC from the Ti-B 4 C-Me (Me = Cr, Mo, and W) combustion systems. The phase composition of the SHS-derived products was examined. The influence of Cr, Mo, and W addition was investigated on combustion sustainability, flame-front velocity, and reaction temperature.
Materials and Methods
The starting materials adopted by this study included Ti (Alfa Aesar, Ward Hill, MA, USA, <45 µm, 99.5%), Cr (Alfa Aesar, <45 µm, 99.5%), Mo (Strem Chemicals, Newburyport, MA, USA, <45 µm, 99.9%), W (Alfa Aesar, <45 µm, 99.9%), and B 4 C (Showa Chemical, Tokyo, Japan, <10 µm, 99.5%). The reactant mixtures were prepared based on a modification of the 3Ti + B 4 C stoichiometry. The VIb group transition metal (Me = Cr, Mo, and W) was introduced to replace a portion of Ti, as expressed in Reaction (1) .
where the stoichiometric coefficient, x, signifies the content of Cr, Mo, or W in the reactant mixture. The amounts of Cr, Mo, and W varying from x = 0.1-1.0 were considered. Because the reaction mechanism of simultaneous synthesis of TiB 2 and TiC is characterized firstly by the formation of TiC phase [18, 31] , the group-VIb metal added into the Ti-B 4 C reaction system is supposed to react with boron and yield a boride compound denoted by MeB in Reaction (1). The reactant powders were well mixed and compressed into cylindrical test specimens 7 mm in diameter, 12 mm in length, with a relative density of 55%. The SHS reaction was conducted under high-purity (99.99%) argon of 0.15 MPa. The ignition was accomplished by a heated tungsten coil with a voltage of 60 V and a current of 1.5 A. The combustion process was recorded by a color CCD video camera (Pulnix TMC-7, Babb, MT, USA) at 30 frames per second. The exposure time of each recorded image was set at 0.1 ms. The combustion wave velocity was determined from the time sequences of recorded images. To facilitate the accurate measurement of instantaneous locations of the combustion front, a beam splitter (Rolyn Optics, Covina, CA, USA), with a mirror characteristic of 75% transmission and 25% reflection, was used to optically superimpose a scale onto the image of the test sample. The combustion temperature of the sample was measured by a fine-wire (125 µm) Pt/Pt-13% Rh thermocouple attached on the sample surface. The synthesized products were analyzed by an X-ray diffractometer (XRD) (Bruker, D8 SSS, Billerica, MA, USA) to identify the phase constituents. Details of the experimental methods were reported elsewhere [32] .
Results and Discussion

Combustion Front Velocity and Combustion Temperature
Two typical combustion sequences illustrated in Figure 1a ,b are associated with powder compacts of 2.5Ti + B 4 C + 0.5Mo and 2.1Ti + B 4 C + 0.9Cr, respectively. For either SHS process, a distinct combustion front formed upon ignition and propagated along the sample compact in a self-sustaining manner. It is evident that solid state combustion of Figure 1a is not only faster but more glowing than that of Figure 1b . This was caused by the fact that the formation enthalpy of MoB (∆H f = −123.9 kJ/mol) is larger than that of CrB (∆H f = −78.9 kJ/mol) [33] . As a result, the Mo-added sample is more energetic than the sample containing Cr. Besides, the content of Mo (x = 0.5) in the sample of Figure 1a is less than that of Cr (x = 0.9) in the sample of Figure 1b . To be presented later, the existence of TiB was found in the final products of Cr-and Mo-added samples and a larger amount of TiB was detected from the sample containing Mo. Because the formation of TiB (∆H f = −160.2 kJ/mol) is very exothermic, the stronger combustion luminosity observed in Figure 1a might be due partly to the formation of more TiB. It should be noted that the addition of Cr, Mo, or W into the Ti-B 4 C combustion system reduces the overall reaction exothermicity, since TiB 2 has a much larger formation enthalpy (∆H f = −315.9 kJ/mol) than CrB, MoB, and WB [33] . As shown in Figure 1 , the burned samples were slightly elongated. This resulted in the synthesized composites with a relative density of about 50-53%.
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Phase Constituents of Synthesized Composites
The XRD pattern of Figure 4a indicates that phase constituents of the final product obtained from the 3Ti + B 4 C sample consists of no more than TiB 2 (JCPDS 85-2083) and TiC (JCPDS 89-3828). This implies a complete conversion from the reactants to products. For the Cr-added sample of 2Ti + B 4 C + Cr, Figure 4b shows the production of CrB (JCPDS 89-3587) and TiB (JCPDS 89-3922) in addition to TiB 2 and TiC. Formation of chromium monoboride (CrB) rather than diboride (CrB 2 ) suggests the possibility of loss of boron from thermal decomposition of B 4 C during the SHS process. Because thermal dissociation of B 4 C yielded gaseous boron [34] , a small amount of B (g) escaped from the porous powder compact during the SHS process. This caused a loss of boron, which was also responsible for the presence of TiB.
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The XRD pattern of Figure 4a indicates that phase constituents of the final product obtained from the 3Ti + B4C sample consists of no more than TiB2 (JCPDS 85-2083) and TiC (JCPDS 89-3828). This implies a complete conversion from the reactants to products. For the Cr-added sample of 2Ti + B4C + Cr, Figure 4b shows the production of CrB (JCPDS 89-3587) and TiB (JCPDS 89-3922) in addition to TiB2 and TiC. Formation of chromium monoboride (CrB) rather than diboride (CrB2) suggests the possibility of loss of boron from thermal decomposition of B4C during the SHS process. Because thermal dissociation of B4C yielded gaseous boron [34] , a small amount of B(g) escaped from the porous powder compact during the SHS process. This caused a loss of boron, which was also responsible for the presence of TiB. When W was utilized as the substituent for a part of Ti, as shown in Figure 5b , the SHS-derived composite was a mixture of TiB2, TiC, and WB (JCPDS 73-1769). It is noteworthy that monoborides (CrB, MoB, and WB) were produced from the Ti-B4C system with additions of Cr, Mo, and W. The absence of diborides (CrB2, MoB2, and WB2) might be also due to the lack of sufficient reaction time stemming from the fast combustion wave and rapid cooling rate inherent to the SHS process. This study demonstrated the production of Cr-, Mo-, and WB-added TiB2-TiC composites by an energy-and time-saving fabrication route. Figure 6a reveals the typical microstructure of fracture surface of the composite synthesized from the 3Ti + B4C sample. The microstructure consisted of equiaxed TiC grains and TiB2 platelets with an aspect ratio of about 2. For the Cr-added sample of 2Ti + B4C + Cr, Figure 6b exhibits a granular morphology for its resultant composite which is a mixture of TiB2, TiC, TiB, and CrB. Agglomeration of micro-sized grains is obvious. Figure 6c illustrates the microstructure of a WBadded TiB2-TiC composite obtained from the W-added sample of 2Ti + B4C + W. As can be seen in Figure 6c , TiB2 platelets and TiC and WB grains are tightly aggregated. According to Figure 6a -c, it is suggested that the morphologies of SHS-derived products from the Ti-B4C samples with and without addition of Cr, Mo, and W have no substantial difference. When W was utilized as the substituent for a part of Ti, as shown in Figure 5b , the SHS-derived composite was a mixture of TiB 2 , TiC, and WB (JCPDS 73-1769). It is noteworthy that monoborides (CrB, MoB, and WB) were produced from the Ti-B 4 C system with additions of Cr, Mo, and W. The absence of diborides (CrB 2 , MoB 2 , and WB 2 ) might be also due to the lack of sufficient reaction time stemming from the fast combustion wave and rapid cooling rate inherent to the SHS process. This study demonstrated the production of Cr-, Mo-, and WB-added TiB 2 -TiC composites by an energy-and time-saving fabrication route. Figure 6a reveals the typical microstructure of fracture surface of the composite synthesized from the 3Ti + B 4 C sample. The microstructure consisted of equiaxed TiC grains and TiB 2 platelets with an aspect ratio of about 2. For the Cr-added sample of 2Ti + B 4 C + Cr, Figure 6b exhibits a granular morphology for its resultant composite which is a mixture of TiB 2 , TiC, TiB, and CrB. Agglomeration of micro-sized grains is obvious. Figure 6c illustrates the microstructure of a WB-added TiB 2 -TiC composite obtained from the W-added sample of 2Ti + B 4 C + W. As can be seen in Figure 6c (c) Figure 6 . SEM micrographs of SHS-derived composites from samples with stoichiomerties of (a) 3Ti + B4C, (b) 2Ti + B4C + Cr, and (c) 2Ti + B4C + W.
Conclusions
Fabrication of in situ UHTC composites from Cr-, Mo-, and W-added Ti-B4C systems was studied by the SHS process. The reactant stoichiometry was designed as (3−x)Ti + B4C + xMe with x = 
Fabrication of in situ UHTC composites from Cr-, Mo-, and W-added Ti-B 4 C systems was studied by the SHS process. The reactant stoichiometry was designed as (3−x)Ti + B 4 C + xMe with x = 0.1-1.0 and Me = Cr, Mo, or W. With no addition of Cr, Mo, and W, solid state combustion of the 3Ti + B 4 C sample was highly exothermic and characterized by a reaction front temperature of 1766 • C and a combustion wave velocity of 16.5 mm/s. The product of the 3Ti + B 4 C sample was a 2TiB 2 + TiC composite. When Cr, Mo, and W were adopted in partial substitution for Ti, the reaction exothermicity was reduced, thus leading to a considerable decrease in the combustion temperature and velocity. With the increase of Cr, Mo, and W from x = 0.1-1.0, the reaction front temperature decreased from about 1720 to 1390 • C and flame-front speed from 16.1 to 3.9 mm/s. Depending on the formation enthalpies of CrB, MoB, and WB, the Mo-added reaction is the most exothermic and the W-containing sample is the least. The XRD patterns showed that with the addition of Cr, Mo, and W, the final products contained CrB, MoB, and WB simultaneously formed along with TiB 2 and TiC. Besides, the presence of TiB was detected in the products of Cr-and Mo-added samples. Formation of monoborides (TiB, CrB, MoB, and WB) could be a consequence of the loss of boron at elevated temperatures and lack of sufficient reaction time for further phase transformation. In summary, the SHS process was shown to be an in situ fabrication route to preparing Cr-, Mo-, and WB-added TiB 2 -TiC composites.
